It has recently been shown that domain walls in ferromagnets can be moved in the presence of thermal gradients. In this work we study the motion of narrow domain walls in low-dimensional systems when subjected to thermal gradients. The system chosen is a monolayer of Fe on W(1 1 0) which is known to exhibit a large anisotropy while having a soft exchange, resulting in a very narrow domain wall. The study is performed by means of atomistic spin dynamics simulations coupled to first-principles calculations. By subjecting the systems to a thermal gradient we observe a temperature dependent movement of the domain wall as well as changes of the spatial magnetization profile of the system. The thermal gradient always makes the domain wall move towards the hotter region of the sample with a velocity proportional to the gradient. The material specific study is complemented by model simulations to discern the interplay between the thermal gradient, magnetic anisotropy and the exchange interaction, and shows that the larger DW velocities are found for materials with low magnetic anisotropy. The relatively slow DW motion of the Fe/W(1 1 0) system is hence primarily caused by its large magnetic anisotropy.
I. INTRODUCTION
The recently discovered spin Seebeck effect (SSE) 1 shows that a magnetic material subjected to a thermal gradient will develop a"spin voltage", which causes an accumulation of spins of one character at one edge of the sample and an accumulation of spins of the opposite character on the other. Although originally observed in a conductor the effect has also been observed in magnetic semi-conductors 2 and insulators 3 . This discovery has opened new research paths due to it's possible uses in spintronic devices. The mechanism of the SSE is not completely understood due to the wide variety of materials which have presented the effect, a magnonic contribution has been proposed 4 , although a more complete description can be obtained by considering a phonon driven contribution 5 . Domain walls (DW) have been thoroughly studied in the last decades due to their importance for practical applications, above all as data storage devices, therefore their controlled movement under magnetic fields and spin polarized electronic currents (from voltage or temperature differences between the edges of the samples) are the subject of intense research [6] [7] [8] [9] [10] [11] [12] , purely magnonic DW movement has also been studied by using selective spin wave excitations 13, 14 . By introducing thermal gradients, recent studies 4, 15, 16 have shown the possibility to move a domain wall through thermally excited magnons both experimentally and theoretically.
Hitherto, most studies on the manipulation of domain walls have been performed on bulk materials and in an regime where domain walls are typically quite wide. In this work we focus on thermally induced domain wall motion in the limit of a single monolayer. In addition we focus on a well characterized system, a monolayer of Fe on W(1 1 0), which is known to have a large magneto crystalline anisotropy and a softened magnetic exchange coupling which result in a system with very narrow domain walls. On this system we study numerically the dynamics of domain walls in the presence of thermal gradients. Since the domain walls for the system are very narrow, a method with high spatial resolution is needed and thus we here perform atomistic spin dynamics simulations 17, 18 coupled to ab initio calculations. Since the current system is metallic, a real temperature gradient would infer an electronic transport due to the Seebeck effect which in turn would affect the magnetization dynamics of the system through spin transfer torque effects. These effects are however not considered in this study as we are interested in the pure magnonic effects.
The rest of this paper is organized as follows. First we introduce the theoretical framework for the simulations in Sec. II. Then the material specific study of the domain wall motion in Fe/W(1 1 0) is reported in Sec. III. In order to obtain a more complete understanding of the phenomenon of thermally induced domain wall motion, specifically the role of the the strength of the magnetic exchange and anisotropy energies, we perform a number of model simulations where the ratio between exchange and anisotropy is varied for a 2D monolayer. These model simulations are presented in Sec. IV. We end the paper by analyzing the results and discussing future developments in the field.
II. METHOD
In order to investigate the dynamics of the DW introduced in the system, we perform atomistic spin dynamics 17 18, 19 . Each atomic moment is considered to be a three dimensional (3D) vector with an equation of motion given by the expression:
where the effective field is given by:
Stochastic the B i field takes into account the interactions in the system and is defined as:
while the b i (T ) stochastic field is included in order to account for temperature effects by using Langevin dynamics 18 . The Hamiltonian used in this approach is an extended Heisenberg Hamiltonian, which for the present study only includes two terms, accounting for the exchange interactions and (uniaxial) anisotropy:
In Fe on W(1 1 0) the easy magnetization axis points along the x-axis of the simulation cell which corresponds to the [1 1 0] crystallographic axis (Fig. 1) . The exchange interactions J ij 's and magnetic moments used were obtained from ab initio calculations done in a previous study 20 . The J ij 's were considered up to the 40th neighbor shell in order to properly account for long-range effects. To each Fe atom corresponds a calculated moment of m = 2.13µ B . The value of the anisotropy constant is K = 0.338 mRyd and the magnetization easy axis direction is the [1 1 0] as reported in an experimental study 21 . This system presents a very large anisotropy while having a soft exchange 20 which is expected to lead to a very narrow domain wall. Since the size of the systems considered in this study is very limited, dipolar interactions are not important for neither the magnetic ground state nor the dynamical properties and therefore we have not included dipolar interactions in our simulations. The domain walls present in this study are thus metastable and determined only by the competition between Heisenberg exchange interactions and the magneto crystalline anisotropy. In this study we have only considered scalar Heisenberg exchange. It is known that in Fe on W(1 1 0) systems also chiral Dzyaloshinskii-Moriya interactions (DMI) are present 22 . The presence of DMI could introduce a chirality to the domain wall which might effect the dynamics of the DW. While these effects are out of the scope for this work, they could be very interesting do address in a related future study. In these atomistic spin dynamics simulations the damping parameter α governs the rate of the dynamics. While this parameter can be measured and even estimated by ab initio calculation we are not aware of a reported value of the damping for this system and for this reason we set the value to 0.1 which is of similar scale to what can be expected for Fe related systems in low dimensions 23 .
III. Fe ON W (1 1 0) SIMULATIONS
In this study we consider a geometry constructed by 100 repetitions along the [1 1 0] direction (this axis will be referred to as the x axis from now on) and 40 repetitions in the [1 0 0] (y axis). In this configuration the easy magnetization axis is parallel to the long axis of the simulation box (Fig. 2a ). The system is described with free boundary conditions. It is worthwhile to emphasize that the inter-atomic distance along the x-axis is √ 2a with a = 3.16Å, while along the y-axis the distance is just a.
The ground state of a monolayer of Fe/W(1 1 0) is ferromagnetic, with all the atomic magnetic moments aligned along the x direction. Therefore to be able to introduce a domain wall in this system half of the spins in each sample are flipped (as show in figure 2 ) in the simulations. This means that for the initial state the magnetization of the samples is zero.
It is known that the DW width in a material at T = 0K is given by the ratio between the exchange stiffness A and the uniaxial anisotropy constant K, so that 25, 26 . In the initial state the DW is infinitely sharp. To obtain a DW with a width which takes into account the system parameters and the temperature effects, the system is equilibrated at a constant temperature, T ave , which gives a finite DW width Fig.( 2b) . This width depends on the equilibration temperature, and as this temperature approaches zero the DW width is ∼ 3 nm. Due to the narrow width of the DW the maximum temperature in which it is still stable, T h , can differ greatly from the T C of the material 27 . Note also that the domain wall in Fig.(2b) is slightly skewed. Averages over several simulations removes this skewness.
Diverse methods have been implemented to try to move the domain wall from its equilibrium position in a controlled way. One of the most used techniques in controlled DW movement, is the phenomena that is the result of the application of a spin polarized current over a region of non homogeneous magnetization. The polarized current exerts a torque over the magnetic moments which is known as the Spin Transfer Torque (STT), this angular momentum transfer can be used to move domain walls [10] [11] [12] . The strength of the torque acting over the magnetic texture depends on the magnitude of the current density applied to the sample. A thermal gradient can also induce spin polarized thermoelectric currents in ferromagnetic metals. The Seebeck effect describes the creation of an electric current when a metal is subjected to a thermal gradient, this has led to the investigation of thermally induced STT's. This effect has been studied recently in great detail 6-9 , using linear response formalism. The parameter that controls the strength of the torque is calculated to be given by τ ∝ ∆T T ave 6,28 . These effects are not considered in this work, as no torque induced by thermoelectric effects are considered in our simulations, only the magnonic effects resulting from the application of a thermal gradient over the magnetic sample are taken into account. The DW movement can be tracked by analyzing the magnetization component projected on the x-axis which in both samples allows us to evaluate the relative sizes of the domains. We find that the average magnetization along the x-axis during the equilibration exhibits small fluctuations around zero due to thermal effects. In general, the DW does however remain at its initial position, in the middle of the sample. Figure 3 shows the profile of the domain wall for equilibration temperatures T ave ranging from 0K to 100K. On the edges of the simulation box the magnetization is saturated, while in the middle there is a smooth change in the moments direction which shows the profile of the domain wall. It is possible to see that as the temperature increases the domain wall width increases. This is due to the thermal fluctuations, which adds energy to the system and thereby allows a broadening of the inhomogeneous magnetization region that determines the domain wall. We find that the DW width increases linearly with an increase in temperature (see insets in Fig. 3 ).
After equilibration, the system is subjected to a uniform thermal gradient chosen such that the local temperature of the DW (and the average temperature of the system) does not change and the thermal energy of the sample remains constant. The gradient is given by:
with T min = T ave − ∆T 2 , and T max = T ave + ∆T 2 and l is the position in the sample. Simulations were performed for T ave = 20K to T ave = 100K with gradients going from ∆T = 1K to ∆T = 50K.
Our main finding is that the thermal gradient makes the DW move towards the hotter region of the sample, which is consistent with what has been previously observed experimentally 29 and in other numerical simulations 4 . Figure 4 shows how the normalized average magnetization in the x-direction increases as a function of time when the DW is subjected to a thermal gradient. This carries information on the DW displacement in time, since when m x = 0 the sample has two equally large domains with up and down spins, whereas a finite magnetization implies that one domain has grown on behalf of the other, i.e. the DW has moved. The slope of ) is the magnetization of the system just before the thermal gradient is introduced. As the strength of the gradient increases it is possible to see that the magnetization increases more rapidly, which indicates an increase in the DW speed.
the curve in Fig. 4 depends on the strength of the gradient, becoming steeper with an increased temperature gradient, which means that the DW moves faster towards the hotter end of the sample. The movement of the DW towards the hotter region due to the thermal gradient is a finding that can be interpreted in several ways. It has been previously argued that the domain wall moves as it is dragged by thermally excited magnons 4 . A magnonic spin current has been demonstrated to be able to move DWs 13,14 , due to the magnonic Spin Transfer Torque. It is also important to notice that due to the size of our sample and for the temperatures taken into consideration, the ground state of the system is ferromagnetic. In larger systems, where the dipolar interaction becomes dominant the formation of magnetic domains minimizes the energy, making the ground state a domain structure. However the interactions in our system do not favor the existence of a DW. This means that under this circumstances the DW is a metastable state and therefore this allows us to think of the DW under the thermal gradient as an ordering process.
Temperature enters in Eqn. 1 as stochastic field b i (T ), in the equilibration step the temperature is constant, therefore b i (T ) is not biased, the strength of the fluctuations is the same over the whole sample, and therefore can't destabilize the DW and cause its motion. It is important to note that for sufficiently high temperatures the domain wall can indeed move even in a constanttemperature setting but then the movement would be a completely unbiased Brownian motion resulting in a random walk with no net displacement on average. However when a temperature gradient is added it creates a bias in the stochastic field. The bias facilitates domain wall As can be seen, the T ave influences the attainable speed for a given gradient. When T max is much larger than T ave the DW speed depends linearly on the temperature ratio, if T max ∼ T ave the bias in the thermal fluctuations is not strong enough which causes the dependence to be non-linear. movement towards the hotter side of the sample while it makes it less likely for the domain wall to move in the direction of the cold end of the sample. We have studied the DW speed in the system for various values of T ave , while varying the gradient for each choice of T ave . By changing the temperature gradient, and implicitly the Tmax Tave ratio, we can influence the domain wall speed, as can be seen in Figure 5 . Moreover, if T max is comparable with T ave , the relationship between the DW speed and the temperature ratio is observed to be non-linear. If Tmax Tave is just above one, the thermal fluctuations of atomic spin on either side of the DW have similar strength, even if the atomic moments closer to the hotter edge will have stronger fluctuations this is not strong enough to completely dominate the time evolution of the magnetization. The competition between the "noise"or unbiased part of the thermally induced fluctuations, and the "signal"or the biased part of these fluctuations can lead to a lower speed of the DW, if the bias is not strong enough to overcome the random fluctuations which tend to push the DW in random directions. This is observed in situations where T ave is high, as strong thermal fluctuations make the DW fluctuate around its equilibrium position. In these situations a small increase in the thermal gradient strength might lead to a decrease in the DW speed. It also can be noticed that after a certain threshold ratio when T max is much larger than T min the DW speed increases linearly with an increasing temperature gradient.
The domain wall speeds obtained for this system are much lower than the ones reported for DW motion driven by a STT
11 . There could be several collaborating reasons for this behavior. The main reason for this is the very narrow DW width itself that our sample exhibits. A broader domain wall will obviously have a larger temperature difference between the end points than would a narrow domain wall at the same temperature gradient. A narrow domain wall also infers that the magnetic anisotropy of the system is strong, as in the present case, which makes the DW harder to move thus requiring a larger gradient.
IV. MODEL SYSTEM SIMULATIONS
As the DW speed obtained in this study is much smaller than what has been previously reported 4, 11 , we studied a model system to try to determine which is the source of this behavior, and also to get a more complete picture of the physics of this effect. One of the most important aspects of the Fe on W(1 1 0) system is that the domain walls that can be introduced are very narrow. To test if this aspect is determinant to the DW speed, model calculations in which the value of the anisotropy constant is varied were performed. A change in the anisotropy constant K, as mentioned before, should result in a change of the DW width. This variation of the DW width allows us to achieve a qualitative behavior of the DW when it is subjected to a thermal gradient and an understanding of which configurations could be more convenient for technological applications.
For the model calculations several simplifications were done, the unit cell considered is a square lattice with a lattice parameter of a = 4.5Å with 100 × 40 repetitions; this was chosen such that the length of the model simulations were comparable to the ones of the material specific calculations. The Hamiltonian used is the one described in eq. 2. In this case the exchange interactions are considered only between nearest neighbors and their strength is considered to be J ij = 1 mRyd. Dipolar interactions were neglected here as in the material specific case. The magnetic moments were set to m i = 1µ B . The easy magnetization axis is along the x-direction and the anisotropy constant K is varied between K = 0.1 mRyd and K = 1.0 mRyd. In this way it was possible to observe the effect that the different anisotropy strength were studied. As in the case of Fe on W(1 1 0) the systems were equilibrated at different temperatures, T ave . As can be seen in Figure 6 , as the anisotropy constant decreases the DW width increases. It is also worth noticing that if one considers a fixed anisotropy and increase the equilibration temperature the DW thickness also increases, this is consistent with what was observed in the insets in Figure 3 , where the DW width increases linearly with temperature. As in the material specific case, discussed in the previous section, the magnetization profile allows us to see that the DW is located at the middle of the sample. This means that the random fluctuations generated by the stochastic field in the equilibration process are not strong enough to destabilize the DW even when the value of the anisotropy is lowered. In Figure 6 it is possible to observe that for a fixed T ave as the anisotropy increases the DW width decreases in a non linear fashion. For T ave = 0K the width is known to follow ∝ 1 √ K , hence the width obtained from all the numerical simulations was fitted to the expression a1 √ K + a 0 , where a 1 and a 0 are fitting parameters. The agreement within the fitting and the data is quite good (see Fig. 6 ), showing some deviation which results from the fluctuations caused by finite temperature effects.
After the equilibration, in order to make the DW move towards the edge of the sample, we subject each system to a linear thermal gradient described in Eq. 3.
We have compared in Fig. 7 the change of behavior of two systems, for which the anisotropy strength is varied but all other parameters are kept the same. The systems with smaller anisotropy (Fig. 7a) is much more susceptible to the thermal gradient than systems with higher anisotropy (Fig. 7b) . It is possible to observe that when the gradient is increased for the low anisotropy system, the time evolution of the magnetization presents less fluctuations and it is much more linear than in the high anisotropy situation.
A linear fit of the time evolution of the magnetization allows to plot the DW speed as a function of the temperature ratio
Tmax
Tave and the anisotropy constant K. It is possible to see how for a fixed J K as the temperature gradient increases the domain wall speed also increases (Fig. 8) . More importantly one can see that by making the anisotropy constant smaller (larger J K ) leads to larger DW widths and to a higher DW speed. This means that the wider the domain walls are, the higher the speeds they achieve under the influence of a thermal gradient.
The question now is if we can identify why a broader DW moves faster under the influence of a given ∆T . We can explain this behavior by examining the interactions present in the system. There are ferromagnetic exchange interactions which tend to align the spins in the same direction, while the uniaxial anisotropy wants to align the spins parallel to the easy magnetization axis. An atomically sharp DW minimizes the anisotropy energy, as all the spins are oriented parallel (or anti-parallel) to the anisotropy axis, but the exchange interaction is minimal if all the spins are have a minimal angle between them.
Thus to be able to make both interactions minimal at the same time, when the system is relaxed (it's evolved at a given constant temperature) the sum of all inter- . As the anisotropy constant diminishes the DW speed that can be achieved with a given gradient for a given Tave increases.
actions will produce a region in which there is a smooth transition between parallel and anti-parallel orientations. To be able to minimize the energy as the anisotropy decreases, the DW width must increase as the exchange interaction will try to make as many spins parallel as possible.
When the thermal gradient is applied to the system, the magnons produced by the thermal fluctuations will interact with the spins in the domain wall. During these interactions, due to the angular momentum transfer, the spins will start changing their orientation (spins flip) causing the DW to move. If the domain wall is very narrow (i.e. the anisotropy is big) a large energy is needed to be able to flip one row of atoms. On the other hand, if the domain wall is wider (the case with low anisotropy) less energy is required to flip the spin orientation of atoms. Since the DW motion involves such spin-flip processes, it is to be expected that the low anisotropy case has a faster DW motion. This behavior is fully consistent with what was observed and discussed in Sec. III and complements our arguments made there about the relationship between DW widths and their velocities in thermal gradients.
V. CONCLUSIONS
Extensive spin dynamics simulations have shown that it is possible to establish and move a domain wall in a atomically thin magnetic layer, here consisting of a monolayer of Fe on an W(1 1 0) surface, by applying a thermal gradient over the domain wall. The movement occurs here even though only thermally excited magnons are present and indirect effects from electron transport have not been considered. The DW always prefers to move towards the hotter end of the sample, an observation that is consistent both with theories regarding magnon interactions with the DW and also a biased Brownian motion behavior of the DW which can be more relevant in the limit of very large magnetic anisotropies. The Fe / W(1 1 0) system shows very small domain wall speeds due to its large anisotropy, which combined with its weak magnetic exchange coupling, determines a very narrow domain wall. Also it is possible to control the speed of the moving domain wall by changing the magnitude of the thermal gradient. The speed was found to be proportional to the thermal gradient. By considering model systems it has also been shown that if one lowers the anisotropy constant in a 2D system the domain wall width increases as expected, and the domain wall velocity increases as well. We find that it is a general trend that increasing the domain wall width/reducing the magnetic anisotropy increases the DW speed that can be obtained with a thermal gradient.
The increased DW speed for lower magnetic anisotropy and larger DW widths, can be understood partially from the lower energy barriers associated to spin-flip processes when the DW moves. Another mechanism of explanation is that the DW can be seen as being moved by traveling magnons. A narrow DW width would decrease the velocity of the DW since it would provide a smaller cross section for the magnons to transfer angular momentum to the wall. The thermally induced domain wall motion reported here is reminiscent of the motion of domain walls in the presence of electrical currents and parametrically excited spin waves. Further studies, of both theoretical and experimental natures, comparing and combining these effects are anticipated to shed more light on this fascinating topic.
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